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ABSTRACT

This paper demonstrates that Flash Gas Bypass (FGB) method significantly improved the performances of the
microchannel evaporator and the system, compared to the conventional direct expansion (DX) system. When system
in both modes operated at the same compressor speed, the system in FGB mode produces about 13% to 18% more
cooling capacity at 4% to 7% higher COP than in DX mode. When compressor speed was adjusted to maintain the
same cooling capacity, COP improves 37% to 55%. Based on experimental results, a detailed microchannel heat
exchanger model considering the refrigerant distribution helps to identify the two mechanisms augmenting the
performances: 1) improved refrigerant quality distribution and 2) the reduction of refrigerant pressure drop across
the evaporator.

nl

1. INTRODUCTION
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Compact cross-flow heat exchangers with flat multi-port microchannel tubes and folded louvered fins have been
widely used in automotive air-conditioning systems, and now they are being used as condensers in the residential
and commercial-scale air-conditioners because of their superior performance, including enhanced heat transfer,
reduced refrigerant side pressure, lowered refrigerant inventory and size over the conventional round tube flat-fin
heat exchangers. However, one of the issues for using microchannel heat exchangers (MCHX) is maldistribution of
the refrigerant among parallel microchannel tubes. It is especially true for evaporators in an A/C mode or outdoor
heat exchangers in a heat pump mode where supplied refrigerant is usually a liquid-vapor two phase flow.
Two-phase refrigerant distribution in a header-microchannel tube configuration has been extensively studied by
many scholars (Cho et al., 2007; Hwang et al., 2003; and at ACRC’s Hrnjak research group, see various references
below). This issue is very complicated and affected by many parameters- both geometric factors (header orientation
and size, tube protrusion, inlet tube configuration, etc.) and operating factors (refrigerant mass flux, quality, etc.).
Tuo et al. (2012a) proposed an experimentally validated MCHX model considering two types of refrigerant
maldistribution. Among many solutions to solve this problem, a majority of attempts have relied on baffles,
distributors, or other geometry-specific remedies placed in the inlet header (Munoz, J.et al, 2010; Jiang et al., 2010;
Taras et al., 2010). The idea is to create turbulent and homogenous two phase flow in inlet headers and prevent
gravity-induced phase separation. However, given the wide range of system operating conditions, these methods
may fail to produce uniform distribution. Another disadvantage is that these structures usually impose relatively
high pressure drop on the refrigerant side. Recently, an alternative solution is flash gas bypass (FGB) method which
was implemented in a transcritical CO2 A/C system reported in Beaver et al. (1999). The concept is to use a flash
gas tank after the expansion valve to separate and bypass flash refrigerant vapor generated in the isenthalpic
expansion process, and feed the evaporator only with single phase liquid refrigerant. Beaver et al. increased COP up
to 20% while maintaining the same capacity of the A/C system using flash gas bypass compared to a conventional
direct expansion (DX) system. Further, Elbel and Hrnjak (2004) identified three benefits of implementing FGB
method: reducing refrigerant pressure drop in evaporating side, increasing local CO2 heat transfer coefficient and
improving refrigerant distribution. Very recently, Tuo & Hrnjak (2011) further investigated the effect of flash gas
bypass on a mobile A/C system using low pressure refrigerant (R134a). In the component level, a high efficient and
compact flash gas tank used for vapor-liquid phase separation is crucial for implementing FGB into a real A/C
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system. Shikazono et al. (2010) developed a series of compact vapor-liquid separators using surface tension force,
mainly for R410A heat pump system with conventional round tube heat exchangers. Milosevic and Hrnjak (2010)
and later Tuo and Hrnjak (2012b) introduced vertical T-junction type separators mainly utilizing gravity and inertial
forces, and effects of geometric parameters on two phase flow separation efficiency were thoroughly investigated
using both R134a and R410a refrigerant.
This paper investigates FGB enhancement for an MAC A/C system with a microchannel evaporator and low
pressure refrigerant (R134a). Performances (cooling capacity and COP) of the system in the FGB mode are
compared to a conventional DX mode with the same components and under the identical condition. Some issues
regarding refrigerant distribution are analyzed and discussed through a MCHX model. Benefits of FGB for a system
using low pressure refrigerant (R134a) are identified as improved refrigerant distribution and reduced pressure drop.

2. EXPERIMENT SETUP

nl
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Figure 1. Layout of MAC system test facility

Figure 2. Detailed configuration of the FGB method
Fig. 1 shows a schematic diagram of the MAC system test facility. It consists of fixed displacement variable speed
compressor, a microchannel condenser with an integrated receiver, a microchannel evaporator, a manuallycontrolled electric expansion valve. All components are taken from a major brand, mid-size car except for the
evaporator. Original four-pass MC evaporator was replaced with a single-pass evaporator since the refrigerant is
distributed once at the inlet manifold in such one pass design. In addition, a flash gas tank and bypass valve are
installed to realize the bypass control. Fig. 2 shows the detailed configuration of flash gas bypass control. The tested
system can operate in two different modes, depending on bypass valve status: 1) a conventional direct expansion

International Refrigeration and Air Conditioning Conference at Purdue, July 16-19, 2012

2502, Page 3

Items

Air inlet temperature
Air volume flow rate
Relative humidity
Compressor speed

O
w
ie 2
ev 201
r R ue
ee urd
rP P

Fo

(DX) mode when bypass valve closed; 2) the flash gas bypass (FGB) mode if bypass valve is appropriately open.
Thus, two phase or liquid only refrigerant will be supplied into the MC evaporator in two modes.
The experiment system operates in a dry condition without dehumidification. Running dry condition will avoid
condensate on the evaporator surface and therefore increase the accuracy of reading evaporator surface temperature
by an infrared camera. Besides, conclusions made under this dry condition are still applicable for dehumidification
operating conditions, because air-side humidity has insignificant effects on refrigerant distribution. Table 1 lists
operating conditions.
Table 1. Test condition
Unit

Condenser side

ºC
m3/s
rpm

35
35
0.342
0.203
Dry condition
900 (only for fixed speed conditions)
34

Evaporator side

3. DATA REDUCTION AND UNCERTAINTY PROPAGATION ANALYSIS
Refrigerant-side energy balance (Qref) and air-side energy balance (Qair) are measured to calculate system capacities.
It should be noted that in the FGB mode where only single phase liquid enters the evaporator, refrigerant side energy
balance is based on the flow rate of single phase liquid as shown in equation (1a). In the DX mode, refrigerant
capacity is calculated by equation (1b):
Qref , DX = mɺ ref (heri − hero )
(1a)

Qref , FGB = mɺ ref (1 − xin )(hliq − hero )

(2)
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Qair = mɺ air ( heai − hna )

(1b)

Qe =

y

Where heri, hero, hliq denote refrigerant enthalpy at the evaporator inlet, outlet and saturated liquid enthalpy. heai, hna
represent air inlet and outlet enthalpy. For all of the tests carried out, the differences between the balanced capacities
are within 5% of each other. The system capacity is based on an average value of two energy balances, as following:

Qref + Qair

(3)

2

Compressor speed VC and torque FC applied on compressor shaft are also measured, thus compressor work is
calculated as:
WC = FCVC
(4)
The coefficient of performance (COP) is used to determine the system performance, defined as:

COP =

Qe
WC

(5)

Table 2. Measured parameters and accuracy
Measurement
Refrigerant pressure
Nozzle pressure drop
Temperature
Refrigerant mass flow rate
Compressor speed
Compressor torque

Unit
kPa
Pa
°C
rpm
N-m

Accuracy
±3.56
±6.5
±0.5
±0.5%
±5
±0.05

The uncertainly analysis for the calculated system parameters, namely the cooling capacity, compressor power, COP
is performed using the method given by Moffat (1998). According to this method, the function U is assumed to be
calculated from a set of totally N measurements (independent variables) represented by
U = U ( X 1 , X 2 , X 3 ,..., X N )
(6)
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 ∂U

δU = ∑ 
δ Xi 
i =1  ∂X i

N

2

(7)
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Using the accuracies for measured variables presented in Table 2, the uncertainties of the calculated parameters are
determined. The total uncertainties of Qe and COP estimated by the analysis are 3.3% and 3.6%, respectively.

3. RESULTS

3.1 Performance comparison at the same compressor speed

Electronic expansion valve (EXV) manually controls compressor inlet superheat in a range of 5 ºC to 20 ºC. Fig. 3
shows that the cooling capacity and COP are both consistently higher in FGB mode than in the baseline DX mode.
About 18% to 13% more cooling capacity is produced at higher COP (7% to 3%).
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Figure 3. FGB mode outperformed DX in both
capacity and COP at the same compressor speed

Figure 4. DX and FGB refrigeration cycles running at the
same compressor speed

Fig. 4 depicts two refrigeration cycles at the same operating condition in the p-h diagram. On the low pressure side,
implementing FGB method increases the suction pressure. It can be seen that MC evaporator exit pressure is about
39.4 kPa higher in FGB mode than DX baseline while suction line pressure drop remains approximately the same.
Such increment mainly comes from: 1) evaporator pressure drop is reduced about 6.6 kPa or 16.7% from DX
baseline (39.4 kPa) to FGB mode (23.2 kPa); 2) refrigerant pressure at the evaporator inlet increases 33 kPa
(corresponding to 2.5 °C evaporating temperature elevation). In FGB mode, higher suction pressure results in denser
refrigerant vapor to the compressor inlet and higher refrigerant mass flow rate at the compressor speed, compared to
DX baseline. This is corresponding to the improvement of cooling capacity as shown in Fig. 3. On the condenser
side, condensing pressure in FGB mode is also raised, because higher cooling capacity together with compressor
work causes refrigerant rejecting more heat to the air which can only be achieved by enlarging heat transfer
temperature difference between them. As expected, increment in COP is less significant than that in capacity.
Fig. 5 compares the evaporator surface temperature profiles in DX and FGB modes. In DX mode, a large red area
(high surface temperatures – almost equal to air inlet temperature) on the right side of the evaporator represents a
superheated zone where tubes receive less liquid than those on the left in a cold color (lower surface temperatures).
This is due to uneven quality distribution at the inlet to tubes. Vapor phase with lighter density has smaller inertia
than liquid phase and thus it is more readily turning 90º to branch out into vertical tubes. Due to greater inertial
forces more liquid refrigerant reaches the other end of the header, entering the tubes in that region. In FGB mode,
superheated zone takes much smaller area of the MCHX and appears in a more uniform pattern than in DX mode.
Both indicate that liquid is more uniformly supplied into each tube. Obviously, higher MCHX overall heat transfer
coefficient and effectiveness are obtained in FGB mode. Thus, two consequences are: 1) cooling capacity increases;
2) evaporating temperature is elevated since only lower ∆T between air and refrigerant is required. However, it is
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worth noticing that in the FGB mode superheated zone is not perfectly uniform, as seen tubes close to the evaporator
outlet receives more liquid than those on the other side. One of the causes is flow rate maldistribution induced by
asymmetric pressure drops in headers, and this point will be discussed in the following section.

Figure 5. MCHX more uniform and reduced-size superheated zone indicating better refrigerant distribution in FGB
mode than DX baseline

nl
y
Figure 6. Lower evaporator pressure drop due to flash vapor bypass in FGB mode
Another benefit from FGB method is reduction of evaporator pressure drop, and this can be illustrated by Fig. 6. It
can be seen that evaporator pressure drop in FGB mode is up to 30% lower than DX baseline. Underlining reasons
are following. Firstly, refrigerant fed to the evaporator in FGB mode is only liquid portion (1-xin) of total cycling
refrigerant whose mass flow rate is about 10% lower than in DX mode as shown in Fig. 6. Another reason for the
reduced refrigerant-side pressure drop is the lower average void fraction in the evaporator in FGB mode where the
evaporator receives only liquid refrigerant.
However, since the pressure drop in the baseline DX mode is relatively low, the absolute reduction of pressure drop
in the FGB mode is only about 5 to 7 kPa. Compared to distribution improvement, performance enhancement due to
this benefit is relatively low, but should be more beneficial for a compact microchannel evaporator with small size
microchannels, in which case pressure drop is relatively high.

3.2 Maximum COP improvement at the matched cooling capacity
To have the only one measure of performance improvement (here COP) the cooling capacity (Qe) is maintained
constant by varying the compressor speed in both DX and FGB modes. As shown in Fig. 7, capacities are
maintained around 2.92 kW with a deviation about ±1%. The COP improvements are much bigger at the matched
capacity than those at the same compressor speed because the suction pressure can further increase when capacity in
FGB mode matches with DX baseline. In both FGB and DX modes, compressor speed increases at a higher
compressor inlet superheat because of the reduction of the evaporator performance. Thus, COP deteriorates as well.
Compared to the DX mode, the compressor speed in the FGB mode is reduced by approximately 400 rpm. In
general, lower speed can result in a higher isentropic efficiency for compressors, but for current experimental results
the maximum difference of the isentropic efficiency between two modes is only about 1% to 2%. Thus, it can be
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Fig. 8 shows the refrigeration cycles in DX and FGB modes. In the FGB mode, evaporator exit pressure is increased
109 kPa primarily due to improved refrigerant distribution, and discharge pressure is approximately 55 kPa lower
because of less amount of heat rejection in the condenser. Thus, the lower compression ratio for the same capacity
will cause the decrease in the compressor work and increment of COP in FGB mode.
Fig. 9 shows refrigerant mass flow rate and evaporator pressure drop. Slightly lower total refrigerant flow rate is
required in the FGB mode to provide the same capacity, compared to DX mode. Comparing to the fixed compressor
speed, reduction of the evaporator pressure drop is much higher when matching the same cooling capacity. First, the
flow rate of refrigerant entering the evaporator is much lower in the FGB mode. Additionally, vapor phase density
increases at a higher evaporating temperature, and therefore vapor velocity becomes lower after the same amount of
liquid refrigerant evaporates within the microchannel tube. The pressure drop is further reduced.
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Figure 8. DX and FGB refrigeration cycles at the matched
capacity
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Figure 7. Maximum COP improvement at the same
cooling capacity

Figure 9. Higher pressure drop reduction when maintaining the same FGB and DX capacity than running at the
same speed

4. DISCUSSION
4.1 FGB benefits and their contributions to performance improvement
As mentioned previously, when implementing flash gas bypass (FGB) in the mobile A/C system two benefits are
observed at least for system performance: 1) improving refrigerant distribution among parallel MC tubes; 2)
reducing refrigerant-side pressure drop in the evaporator. The magnitude of performance improvement due to each
benefit strongly depends on the evaporator performance in the baseline DX system, such as evaporator pressure drop,
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the uniformity of refrigerant distribution, and relative size to the system. As shown in Fig. 8, the suction pressure
elevation in the FGB mode is mainly attributed to the improved distribution because the evaporator used in the
baseline DX, as discussed above, has a poor refrigerant distribution and a low pressure drop.

O
w
ie 2
ev 201
r R ue
ee urd
rP P

A microchannel evaporator simulation model is used to investigate the impacts of the FGB benefits on the
refrigerant distribution and evaporator performance. This mode considered uneven quality distribution at each tube
inlet and pressure drops in two headers. A more detailed description of the evaporator model used is given by Tuo et
al. (2012a).
In general, when FGB method functions properly in the system, it can solve the maldistribution due to the uneven
quality supplied to each MC tube. However, its exact value of system COP enhancement gaining from this benefit is
a strong function of the degree of the baseline distribution. For instance, in this study the microchannel evaporator
used has relatively poor refrigerant distribution in the DX baseline since the inlet header is not equipped with any
distribution enhancement devices, such as inserted distributor, baffles, and etc. Otherwise, it can be expected that the
effect of the first benefit on overall system performance discussed above will not be so significant.

nl
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Figure 10. Lower pressure drop gradient in the FGB mode
compared to DX due to lower quality and mass flux

Figure 11. local pressure drop gradient along the
microchannel tube

Figure 12. Pressure drop reduction in the FGB mode
The second benefit, pressure drop reduction, is a strong function of both initial evaporator pressure drop and inlet
quality in the DX system. Figure 10 and Figure 11 show the local pressure drop gradient in a microchannel in DX
and FGB modes. Due to removal of the flash vapor, the mass flux and initial quality at the tube inlet is smaller in the
FGB model, which in turn results in lower pressure drop gradient and therefore total pressure drop than the DX
baseline. Figure 12 shows the reduction of evaporator pressure drop by FGB method, strongly depending on the
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4.2 Types of refrigerant maldistribution in a microchannel evaporator
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As aforementioned, it is known as far that causes for refrigerant maldistribution in a parallel microchannel
evaporator include: 1) uneven refrigerant quality at the inlet of each tube in the dividing header; 2) additional
pressure drops in headers. Although refrigerant flow rate in each tube is also affected by the maldistribution of the
airflow or air temperatures on the secondary side of the heat exchanger, our focus in this study is only on the
refrigerant side.
The uneven quality distribution is mainly due to inherent nonhomogeneousity of two phase flow. Such characteristic
has two aspects. First, vapor and liquid refrigerant have different densities and inertia in the mixed flow. When
coming to the junctions of microchannel tubes and the dividing header, their tendencies to branch out of the header
into the tube differs from each other. Second, in the horizontal header, the vertical downward gravitational force
intends to separate liquid and vapor phase toward the upper and lower portion of the header and results in a stratified
flow regime. Depending on the location of open ports of microchannel tube with respect to the dividing header,
either liquid or vapor phase has higher possibilities to branch out than the other. Clearly, the objective of
conventional methods to improve refrigerant distribution is to create and maintain a well-mixed and virtually
homogenous fluid which behaves like a single-phase fluid by using baffles or distributors embedded inside dividing
headers. Whereas, flash gas bypass approach is to remove the flash vapor and feed the liquid only into the
evaporator, essentially eliminating the maldistribution of the nonhomogeneous flow.
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Figure 13. Unequal tube pressure drops due to asymmetric
pressure drop in two headers

Figure 14. Tube exit states depending on maldistributed
mass flow rates

Figure 15. Comparison of the predicted and infrared evaporator surface temperatures
Generally, in parallel microchannel heat exchangers, two or more cylindrical headers are used to connect all the
parallel branches to keep the pressure drop across the evaporator within a reasonable range and to maximize overall
heat exchanger performance. However, this will inevitably induce additional pressure drops related to tube-header
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contraction/expansion, friction as well as effect of tube protrusions on header free flow area. The consequence is that
the driving pressure gradients experienced by the all branch microchannel tubes will be hardly exactly equal.
Regardless of the incoming flow in a single- or two-phase states or two phase flow in a homogeneous or separated
patterns, mass flow maldistribution will occur because of those inherent asymmetric pressure drops associated with
headers. This can give one of the reasons why evaporator surface temperature profile as shown in Figure 5 is not yet
uniform in the FGB mode where single phase liquid is fed.
Figure 13 shows the pressure profiles in inlet/outlet headers predicted by the evaporator model. It can be seen that
pressure variation in the inlet header is almost negligible compared to that in the outlet header. This is mainly
because refrigerant at the inlet header is liquid only and has high density and therefore low velocity and pressure
drop. Whereas, refrigerant in the outlet header is almost vapor phase with a low density after vaporizing and
exchanging heat with air in the microchannel tubes. Flow velocity and corresponding pressure drops in the outlet
header are significantly higher than in the inlet header. Consequently, the tube pressure drops gradually increase
downstream of the inlet header. Figure 14 illustrates the mass flow rate maldistribution corresponding to the
available tube pressure drops. Tube exit states strongly depend on the supplied flow rate: dry out or highly
superheated at the sections of less mass flow rate and flooding at higher mass flow rate. Figure 15 shows the
predicted vs. infrared non-uniform evaporator surface temperature profiles and indicates poor utilization of available
heat transfer area at the top right corner at which tubes receive less refrigerant. Although header-induced refrigerant
flow maldistribution exists, it is relatively easy to be improved by decreasing the magnitude of header pressure
losses especially outlet header, relative to those across the branch tubes.

5. SUMMARY AND CONCLUSIONS
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Flash gas bypass (FGB) approach was implemented in an R134a mobile air-conditioning system with a
microchannel evaporator. Compared to the conventional direct expansion (DX) system, it is found that:
1. At the same compressor speed, the cooling capacity in FGB mode increased about 13% to18% over DX mode
while COP increased about 4% to 7%. When the cooling capacity is matched by adjusting the compressor speed,
the COP improvement was 37% to 58% higher compared to DX system.
2. The major benefit of FGB approach is to eliminate refrigerant maldistribution caused by uneven quality supplied
to each tube inlet. Superheated zone in the evaporator is reduced and heat transfer rate is higher than that in the
DX mode, which results in higher cooling capacity.
3. Another benefit is reduced refrigerant pressure drop across the evaporator. Although its contribution to system
performance in this case is minor compared to the distribution effect, modeling result shows that it will be more
beneficial when the baseline DX has higher pressure drop or higher initial inlet refrigerant quality.
4. Even the principle of FGB method is universal, the magnitude of performance enhancement strongly depends on
the evaporator design, quality and size relative to the baseline system.
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NOMENCLATURE
COP
FC
h
G
P
Q
T
Vc
Wc

coefficient of performance
compressor torque
enthalpy
refrigerant mass flux
pressure
cooling capacity
temperature
compressor speed
compressor power

(–)
(N· m)
(kJ·kg-1)
(kg·s-1·m-2)
(kPa)
(kW)
(ºC)
(rpm)
(kW)

Subscripts
air
air-side
DX
direct expansion
e/evap
evaporator
FGB
flash gas bypass
liq
liquid refrigerant
mat
matched capacity
ref
refrigerant-side
sup,cp
superheat at the
compressor inlet
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